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Résumé 

11 a été établi que le laminage aux billes de verre des surfaces extérieures des tubes en alliage 
de zirconium entraînait une augmentation du flux de caléfaction d'une piscine d'eau 
bouillante. Le flux de caléfaction se met en corrélation avec la rugosité fractale des surfaces 
des tubes en métal. Dans cette analyse des effets de l'oxydation sur les surfaces laminées aux 
billes de verre, on a évalué les mesures d'essai pour le flux de caléfaction, la mouillabiilté et 
la rugosité de la surface à l'aide de divers tubes en alliage de zirconium oxydés et laminés 
aux billes de verre. Les résultats indiquent que l'oxydation modifie l'angle de contact 
solide-liquide (c.-à-d. réduit la mouillabilité de la surface d'oxyde métallique), mais ne 
change pas sensiblement, la rugosité de la surface fractale. Par conséquent, l'oxydation des 
surfaces laminées aux billes de verre des tubes en alliage de zirconium ne devrait pas altérer 
les améliorations du flux de caléfaction obtenues à la suite du laminage par billes de verre. 
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Abstract 

Glass-bead peening the outside surfaces of zirconium alloy tubes has been shown to increase 
the Critical Heat Flux (CHF) in pool boiling of water. The CHF is found to correlate with 
the fractal roughness of the metal tube surfaces. In this study on the effect of oxidation on 
glass-peened surfaces, test measurements for CHF, surface wettability and roughness have 
been evaluated using various g lass-peened and oxidized zirconium alloy tubes. The results 
show that oxidation changes the solid-liquid contact angle (Le., decreases wettability of the 
metal-oxide surface), but does not change the fractal surface roughness, appreciably. Thus, 
oxidation of the glass-peened surfaces of zirconium alloy tubes is not expected to degrade the 
CHF enhancement obtained by glass-bead peening. 
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INTRODUCTION 

The nucleate boiling of water provides the most efficient means for removing heat, and is used to 
minimize overheating to improve the performance of critical components. Nucleate boiling can 
be enhanced by Increasing the critical heat flux (CHF) of a heating surface, as demonstrated by 
glass-bead peening surfaces of zirconium alloy tubes (Fong et al,, 1998; Nitheanandan et al, 
1998). The CHF enhancement in CANDU® reactors (Coleman et al., 1997) was obtained by 
roughening the outside surfaces of Zircaloy-2 calandria tubes using a qualified industrial glass-
bead peening process (Military Specification, 1979; Fong et ai., 1998). The magnitude of CHF 
enhancement due to surface roughening has been measured under pool-boiling conditions using 
small-diameter zirconium alloy tubes produced using a fixed peening intensity but with different 
bead sizes and coverage (Fong et al, 1998; Nitheanandan et al., 1998). These studies showed 
that the CHF was related to the bead size and coverage for a fixed peening intensity; however, 
the analysis of surface properties revealed that CHF enhancement could be related to the increase 
in the fractal surface roughness of the tubes (Fong et al., 2001). 

In this study, the effects of oxidation on glass-peened surfaces were evaluated for their CHF 
performance, surface roughness and wettability. Improving both the surface wettability and 
increasing the roughness can provide increases in CHF (Ramilison et al , 1992). In this study, 
surface wettability was measured in terms of static contact angles of sessile water drops placed 
on the tube surfaces. Analysis of surface roughness was performed following previously 
established procedures (Fong et al., 2001) using micro-topological 3D maps of the tube surfaces 
obtained from stereo-pair scanning electron micrographs and digital photogrammetry techniques. 

This paper shows that oxidation changes the contact angle but not the fractal surface roughness 
appreciably, thus, the CHF enhancements obtained by glass-bead peening remain essentially 
unaffected. 

EXPERIMENTAL 

Materials and Preparations 

All the tests were performed using the same-size zirconium alloy tubes that were taken from the 
same batch of production tubes, as in Fong et al, 2001. The tube dimensions were 19.5 mm 
(outside diameter), 0.76 inm (wall thickness) and 500 mm (length). The outside surfaces of the 
tubes were roughened using an industrial glass-bead peening process using different bead sizes 
and coverage but with a fixed intensity (Military Specification, 1979). 

Table 1 lists the surface properties of the tubes that were tested for CHF, contact angle, and 
surface roughness. Tests samples from earlier studies (Fong et aï., 2001) are included in the 
table, 

'*CANada Deuterium Uranium, a registered trademark of AECL, 
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To evaluate the effects of oxidation, four as-peened tubes were produced using the same size beads 
(90-125 pm) and intensity (N 9-11) but different coverage (50%, 100%, and 150%), and were 
given an air-oxidation treatment at 500°C for 3 h or 24 h. Qffcut specimens (-50 mm long) were 
taken from one end of each tube for measurements of the surface roughness and contact angle. The 
remaining length of the tube samples (-450 mm long) was used for CHF tests under pool boiling 
conditions. 

TABLE 1 
Surface conditions on as-received, as-peened and peened and oxidized zirconium alloy tubes and 
results for CHF, contact angle and surface roughness measurements made on these tubes. 

Bead Size Coverage' 
(Mm) j ( % ) 

Air 
Oxidized 

CHF2 

(MW/ra2) 
Contact Angle3 

(°) 
Surface Roughness 

Exponent4 (Q 

Reference (unpeened and not oxidized) 0.86 ±0.15* 59.3 ± 2.0 0.52* 

60 - 90 100 No 1,29 ± 0.07* 43.7 ± 1.2 0.57* 

90 - m 100 No 1.35 ± 0,08* 41.0 ±2.2 0.61* 

125 - 180 100 No 1.32 ±0.16* 41.9+1.3 0.59* 

i 80 -210 100 No 0.95 ± 0.15* 54.3 ±1.1 0.56* 

12S--180 m No 0.95 ± 0.10* 55.6 ± 0.9 0.53* 

125-180 

9 0 - 125 

120 No 1.14 ± 0.07* 51.1 ±1.2 0.55* 125-180 

9 0 - 125 so N o 1.12 ±0.13* 50.4 ± 1.0 0.57 

9 0 - 125 ISO N o 1.42 ±0.13 40.6 ±1.6 0.58 

90 - 125 50 500°C, 3h 1.36 ±0.08 55.0 ±1.5 0.63 

9© -125 150 500°C, 24 h 1.37 ±0.06 52.6 ± 1.0 0.62 

90 -125 100 500°C.3h 1.45 ±0.06 53.5 * 1.1 0.61 

90 - 1 2 5 100 r ~ 500' C. 24 h 1.42 ±0.09 53.4 ±0.8 0.62 

'Coverage is defined as the extent (in %) of uniform ami complexe obliteration of the original surfisse by peeaitig to a saturated intensity' (for 120% 
coverage the time of peening is extended by 20% after reaching saturation intensity). Glass peening was done with N 9-1 i Almen intensity. 

J Average value from at leas'. 5 or 7 repealed tests with an uncertainty of one standard deviation. 
Average value from 6 different locations with an uncertainly of one slaadard devis! ion. 

'Average value from two locations. Standard deviation (±0.02) was determined from flat plate specimens fiora ten différent locations. 
"Average value reported ia earlier studies (Fcmg et al., 2001). 
''CHF value was determined using the voltage drop recorded by the voltage taps on the bus bar clamps. 



Pool-boiling Teste o» Small-diameter Tubes 

Figure .1 shows the experimental setup used in the pool-boiling tests for CHF. All the tests were 
completed in a tank of water at saturation (i.e., 100°C water at atmospheric pressure). The water 
temperature was maintained using a heat exchanger placed inside the tank. Two voltage-lead wires 
were spot-welded on the outside surface of the tube at a spacing of 300 mm. A DC power supply-
was used to heat the tube rapidly ("spike-power ramp") while the boiling regimes were observed 
and recorded with a video camera. The power was increased at a rate of about 75 kW/s to a power 
set point, and held for 2 seconds at peak power before it was turned off. The set-points for the peak-
power were gradually increased in successive ramps, by about 1.8 kW, until film boiling on the tube 
was observed. Once film boiling was observed, the set point power was lowered and the heating 
procedure was repeated for at least five times. For each observation of film boiling, the CHF of the 
tube was obtained using; 

CHF = P/(7cDL) (.1) 

where, CHF denotes the critical heat flux in MVV7m\ P is the peak power when film boiling was 
observed (measured current, times the voltage drop across the taps), D is the outside diameter of the 
tube, and L is the distance between the voltage taps. Using equation 1 is reasonable for power-
spike studies, as complementary steady-state studies using a gradual-power ramp have shown 
similar results (Nitheanandan, et al., 1998). 

Power 
Cables 

Bus 
Bar 

1 

Voltage 
' Tap ~ 

Vent Pipe 

y 

Glass-peened 
Tube Specimen ' Vteter (10C/C} 

Tank 

FIGURE 1. Schematic diagram showing the experimental setup used 
in pool boiling CHF tests on small-diameter zirconium 
alloy tubes. 
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Contact Angle Measurements 

The wettability of the heat-transfer surfaces was determined under atmospheric and room 
temperature conditions using offcut specimens of the tubes. The wettability measurements were 
done using a sessile water drop. Cleaning and maintaining the test surface is the most important 
step to ensure consistent and reliable results during water drop testing. Each offcut-tube specimen 
was ultrasonically cleaned thoroughly using acetone, and was handled carefully to ensure that the 
tube surfaces were free of contamination. The tube specimen was placed horizontally on a cleaned 
cradle with side windows to allow illumination and photographing of a water drop placed on the 
tube. A. precision pipette (Eppendorf- Serial No. 1812502) was used to deposit a 10-jiL drop of de-
ionized water onto the crest of the tube. The water drop was made to its full volume before the tip 
of the pipette was brought to a consistent height from the tube surface to allow the drop to break 
free onto the crest of the tube. This procedure was developed to minimize any extraneous forces 
that may affect the spreading of the water drop while it is being deposited on the tube surface. Each 
offeut specimen was tested with an individual drop of water at 6 different locations on the tube. 
The side view of each water drop was photographed while the tube was in a horizontal position 
(i.e., normal to the axial-radial plane of the tube) using a digital camera (Kodak DC-120) within 5 
seconds after deposition. The static contact angles through the liquid on opposite sides of the water 
drop were measured from these images (Figure. 2). 

FIGURE 2. Photographic measurements of static contact angle of a 
water drop (.10 pL) placed on the crown of a small-
diameter zirconium alloy tube, 



The surface topology of offcut specimens of the tube surfaces was obtained using stereo-pair 
scanning electron micrographs and digital photogramrnetry. For height calibration, several small 
V'ickers indentation marks were placed on the surface of the sample, since the Vxckers indentation 
has a well-defined geometry (the pyramidal height is equal to 0.142 times the length of the base 
diagonal). Typically the indentations had a short-pyramidal depth (~ 4 pm) similar to a typical 
height difference between peak and valley of the giass-peened surface structure. After the samples 
were .indented, they were ultrasonically cleaned with acetone and examined by scanning electron 
microscopy (SEM). 

Stereo-pair SEM micrographs were taken from two locations on each sample using 200x 
magnification and secondary electrons for the best imaging contrast. Each stereo-pair consisted of 
an image of the surface at 0° (orthogonal view) and the other image tilted at 20°, 25° or 30°. The 
stereo-micrographs were evaluated by photo grammetry (Boyde and Ross, 1975) using a 
commercially available program (R-WEL Inc. DMS, 1995-1997) to produce a digital elevation 
model (DEM), which is a 3D map of the surface topology (Figure 3). The DEM consists of a 
matrix of heights (z-coordinate) determined for a regular grid with 1 pm intervals in the horizontal 
plane. The topological (DEM) data were analyzed, for surface roughness. 

Surface Roughness Analysis 

As in earlier studies (Fong et al., 2001), the micro-topological data (3D maps) of the surfaces were 
analyzed for fractal roughness. For all pairs of topological measurements, an absolute height 
difference was calculated and an average value ((DZjavg) was obtained for each value of the in-plane 
distance, r (Figure 4). A surface roughness exponent ( • ) that characterizes the topological features 
of the surface is defined by; 

|AZUg - r<> (2) 

where 0 < Ç < 1, 

Figure 5 gives an example of a plot of the average absolute height difference versus the in-plane 
distance between elevation points on a glass-peened surface. As indicated in. the plot, the surface 
roughness exponent varies with the in-plane distance; however, two distinct regions can be defined. 
At large distances (r >10 pm), the absolute height differences are not correlated, and Ç approaches 
zero; suggesting that the surface is flat, but not necessarily smooth. For distances where r <10 p.m, 
there is a linear region in the plot. The plot in Figure 5 has expected features for real surfaces that 
can be described on a fine scale as a self-affine fractal (Mandelbrot, 1.985): a fine-scale region with 
non-zero linear slope, a cross-over, and a large scale 'flat' region. For all cases, the surface 
roughness exponent was obtained from the fine-scale region using data up to 7 pm. The general, 
trend is not affected if data up to 5, 6, or 8 pm are used instead. In this analysis, each data point, 
used to calculate t represents an average of about 175,000 height differences and, thus the 
uncertainties in the plotted mean values are very small 
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FIGURE 3. Surface topological data: a) as-peened, b) peened and oxidized in air at 500°C for 3 h. 
and c) peened and oxidized in air ai 500°C for 24 h. (Â 3-dimensional view of the 
surface features can be seen in the stereo-correlated (3D) images using red/blue 
glasses). 
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FIGURE 4. A diagram of a surface profile with the circular dots representing the elevation 
obtained at equal in-plane intervals. Absolute height differences are calculated for 
all pairs of points (examples of absolute height differences, |AZj, for in-plane 
separations of r = 1, 2 and 3 intervals are shown). An average absolute height 
difference, jAZjavg, is determined tor all pairs with the same value of the in-plane 
separation r; these are used to obtain the roughness exponent (£) in equation 2. 
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FIGURE 5 The behaviour of the average absolute height difference as a function 
of the in-plane separation distance for a glass-peened surface. 



RESULTS AND DISCUSSION 

Table 1 summarizes the CHF results from the pool-boiling tests measured in this study, and 
includes CHF results on as-peened tubes reported in earlier studies (Fong et at, 2001). Also listed 
.in the table are the values determined for contact angles and surface roughness for all the tubes that 
were tested for CHF. 

Figure 6 shows the dependence of CHF with contact, angle. For non-oxidized zirconium alloy tubes 
(i.e., as-peened), the CHF values increased with decreasing contact angle (see closed-circle symbols 
highlighted inside a box shown in the figure). These results are consistent with other studies, where 
CHF increases with decreasing contact angles (Ramilison et al., 1992). 

In Figure 6, the results also show that after oxidizing the glass-peened tubes with 100% or 150% 
coverage, the CHF values were found to be similar to those of the un-oxidized tubes with same 
prior peening coverage (as shown by solid-line arrows in the figure). The contact angle increased 
after oxidation of these tube surfaces. For the as-peened tube with 50% coverage, oxidation 
increased both CHF and contact angle (as shown by the dashed-arrow in the figure). Therefore, it 
appears that oxidation has little, effect on CHF, but can decrease the wettability of the surfaces. 

1.8 

1 . 6 -

Contact angles shifted to 
higher values after oxidation 

m 

0 . 6 - * As-received (reference: unpeened and not oxidized) 
Glass-pesnsd and not oxidized 

A Giass-peened and oxidized 
0.4 

35 40 45 50 

Contact. Angle p) 
55 60 65 

FIGURE 6. Dependence of CHF on contact angle of oxidized and un-oxidized surface 
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The increase in contact angle observed on roughened and oxidized zirconium alloy surfaces is 
consistent with that reported for polished surfaces of aluminum after oxidation; however this 
observation is in contrast to the decrease in contact angle reported for an etched and aged aluminum 
surface (Chowdhury and Winterton, 1985), The observed increase in contact angle after oxidizing a 
roughened zirconium alloy surface is also in contrast to the decreased contact angles reported for" 
polished and oxidized copper surfaces (Liaw and Dhir, 1986). Although the wetting behaviour of 
water is affected by changes in surface roughness, the reason for this observed shift to higher 
contact angles for peened and oxidized zirconium alloy surfaces is not. known. 

Figure 7 shows the effect of surface roughness on contact, angle (i.e., wettability) of zirconium alloy 
tubes. As shown in Figure 7, for non-oxidized zirconium alloy tubes (i.e.. as-peened), the contact ' 
angles were found to decrease with increasing surface roughness (see closed-circle symbols 
highlighted inside a box shown in the figure). These results are consistent with those of Carey (1992). 

In Figure 7, the results also show that the surface roughness increased upon oxidation of glass-
peened surfaces with 50% and 150% coverage (as shown by the solid-line arrows in the figure). 
The glass-peened surface with 100% coverage, which had the highest initial roughness, showed 
little change in roughness due to oxidation. These observations suggest that oxidation can promote 
further roughening of a pre-roughened surface (Figure 7), while it can also decrease the surface 
wettability (by shifting to higher contact angles by up to 12° - as indicated in Figure 6). 
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FIGURE 7. Effect of surface roughness on contact angle of oxidized and un-oxidized surfaces. 



For the unoxidized surfaces, the observed CHF depends on contact angle, however, after oxidation 
the dependence is not as clear. This suggests that, there is a change in surface properties due to 
oxidation (such as chemical composition and porosity). Hence, in these experiments, contact angle 
is not a. reliable indicator for CHF. 

Figure 8 shows the correlation of CHF with fractal surface roughness. These results demonstrate 
that increasing the surface roughness (0 ) increases the CHF, regardless of how the surfaces were 
prepared (i.e., as-received, glass-peened only, or glass-peened and oxidized). 

It has been suggested that glass-peening improves the CHF by creating a distribution of micron-size 
cavities that promote nucleate boiling (Fong et al, 2001). The results from this study show that 
oxidation has little effect on the fractal roughness of glass-peened surfaces, hence, if can be 
surmised that oxidation has little effect on the distribution of the pre-existing cavities produced by 
glass-peening. 

The results of this study show that CHF can be enhanced by increasing the fractal surface 
roughness. An appropriate characterization of the surface micro- topology and its fractal roughness 
can be used as a predictive parameter to assess CHF enhancements derived from glass-peening. 
This suggests that fractal surface roughness is an .important factor in CHF and nucleate boiling. 

* As-received (reference: unpeened and not oxidized) 
® Giass-peened and not oxidized 
& Giass-peened and oxidized 

-f '• : 

0.6 " | 

J i 

OA t ' 1 • v • 1 i ; i r ; r ,• •• .- | 
0.48 0.5 0.52 0.54 0.56 0.68 0.6 0.62 0.64 0.66 O.SS 

Surface Roughness Exponent {£) 

FIGURE 8 Correlation of CHF with surface roughness of un-oxidized and oxidized surfaces. 
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CONCLUSIONS 

The main conclusions drawn from this study are: 

1, Oxidation of glass-peened zirconium surfaces decreased the surface wettability. The measured 
contact angles increased by up to 12°. 

2, Oxidation of glass-peened zirconium surfaces had little effect on the fractal surface roughness 
of the tubes. 

3. CHF for the as-peened surfaces of zirconium alloy tubes is correlated with contact angles; 
however, the correlation is not as clear when CHF values from glass-peened and oxidized tubes 
are included. This suggests that contact angle may not be a suitable predictive parameter for 
assessing CHF. 

4. CHF was found to correlate with surface fractal roughness for the as-peened, peened and 
oxidized tubes. This suggests that fractal surface roughness is an important factor to include in 
models of CHF and nucleate toiling. 
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